Measurements of the heat capacity of Fe9S a0 over the temperature range 5 K to 740 K reveal a first-order structural transition at 495 K and t~vo higher-order transitions with maxima at 534 K and 591 K. The last two are of coupled magnetic and structural origin. The structural changes giving rise to the heat-capacity effects are identified, and the magnetic properties are interpreted in terms of these. The standard entropy at 298.15 K of (1/19)F%S10 is compared with those of (1/2)FeS and (1/15)FeTSs. The origin of the higher molar entropy for the first compound is found to reside mainly in the higher electronic heat-capacity contribution. The thermodynamic properties for (1/10)FeaS10 have been evaluated and the values of Cp, m, Ao~Sm, and A~H m are 6.171. R, 7.598. R and 1147.3. R. K at 298.15 K and are 6.944. R, 14.524-R, and 4572.4. R. K at 740 K. (R = 8.31441 J. K-1. mol-1).
Introduction
Five different pyrrhotites have been ascertained as stable at room temperatureJ aJ In addition to FeS, the four compositions Fe7S8, Fe9Slo , Fe10Sll, and FelaSa2 are considered to be stoichiometric compounds. In the present paper heat-capacity results over the temperature range 5 K to 740 K are presented for one of these: Fe9Slo.t The structures of the pyrrhotites may be described as superstructures of the hexagonal NiAs-type structure, created by alternate stacking of filled and ordered defective iron layers normal to the c-axis3 2) Each structure is characterized by a well-defined ordered stacking of such layers, leading to the different superstructures. (3'4) The structure of Fe9Slo is denoted 5C, and has a hexagonal cell with a-axis equal to 2A and c-axis equal to 5C where A and C refer to the cell edges of the NiAs type structure. Although the 5C type is commonly found in nature, synthetic crystals of this type have not been obtained. According to Nakazawa and Morimoto ~2) their synthetic Fe9Sao was characterized by c = NC with N =4.7 at room temperature and N = 4.2 at 485 K. The low-temperature antiferromagnetic properties of FegSlo have been interpreted in terms of two negatively coupled sublattices with a resulting net balance of vacancies. ~) The continuously decreasing periodicity along the c-axis may originate from stacking of 5C and 4C structural elements leading to an intermediate non-commensurate c-axis, (2) in analogy with the incommensurate superstructures of low digenite36)
The 5C structure transforms near 485 K into one with an incommensurate a-axis. (2) This NA type structure is described by a = NA and c = 3C, where N = 43 at 485 K and N=90 at 563 K. ( 2) The transformation process is limited by mass transport--i.e, vacancy rearrangements--according to Marusak and MulayF ) with an equilibration time of about 1 h. Lotgering ~s) interpreted the ferrimagnetism as a result of a competition between spin-and vacancy-ordering. Andresen and Torbo ~9) showed that this model was incorrect by proving that the spins remain ordered up to the N6el temperature. The ferrimagnetic structure, which originates from an uneven distribution of vacancies in different layers--with ferromagnetic coupling within a layer and antiferromagnetic coupling between neighbouring layers(5)--transforms back into an antiferromagnetic NiAs-type structure around 530 K. The transformation reflects changes in the stacking sequences or in magnetic coupling. Fe9Slo is magnetically disordered above 590 K.
No prior heat-capacity determinations exist for Fe9Slo.
Experimental
The iron sulfides were prepared directly from the elements. The iron was in the form of a continuous rod, 99.998 mass per cent pure, from the Koch-Light Laboratories, Ltd., Colnbrook, England. The sulfur was 99.9999 mass per cent pure crystals from the same manufacturer. The mixture of the elements was heated in an evacuated and sealed vitreous silica tube, constricted in the middle by a small-diameter tube. Iron was placed in one part of the tube and sulfur in the other, and the tube was put into an inclined tube furnace with the sulfur-containing compartment protruding upwards. The iron was heated to 970 K and the sulfur was allowed to melt and flow into the hotter part of the tube. When most of the sulfur had combined with the iron, a heating pad was wound around the exterior end of the silica tube. Thus, the remaining sulfur was brought into reaction overnight. The empty half, of the silica tube was sealed off and discarded before annealing the sample, first at 1270 K for 3 h, then at 560 K for 30 d. The sample was finally crushed and transferred to the calorimetric ampoule. The characterization of the sample was made by powder X-ray diffraction. The cryogenic calorimetric measurements were made in the Mark XIII cryostat described previously, °°) using intermittent heating adiabatic equilibrium methods. The programming, data logging, and calorimetry were computerized as described elsewhere.t1 a) A gold-plated copper calorimeter (designated W-AB) was loaded with 131.97 g of Fe9Slo. The buoyancy correction was calculated on the assumed density of 4.66 g" cm -3. Following evacuation, the pressure 2.7 kPa of purified helium was added to the calorimeter to enhance thermal equilibration. The calorimeter was then sealed in a vacuum chamber via a screw cap, which pressed a gold gasket against the circular knife edge on the stainless-steel neck of the calorimeter. All measurements of mass, resistance, potential, and time were referred to standardizations and calibrations performed at the U.S. National Bureau of Standards.
The higher-temperature calorimetric apparatus and measuring technique have been described earlierJ ~2) The calorimeter was intermittently heated, and surrounded by electrically heated and electronically controlled adiabatic shields. A mass 132.09 g Fe9Slo was enclosed in an evacuated sealed silica-glass tube of about 50 cm 3 volume, tightly fitted into the silver calorimeter. A central well in the tube served for the heater and platinum resistance thermometer. The platinum resistance thermometer was calibrated locally, at the ice, steam, tin, and zinc points. Temperatures are judged to correspond with IPTS-68 to within 0.08 K.
The heat capacity of each empty calorimeter was determined in a separate series of experiments. It was, for the low-temperature calorimetric experiments, 9 per cent of the total at 5 K, 18 per cent at 50 K, and 16 per cent above 300 K. For the highertemperature experiments the heat capacity of the empty calorimeter was about 50 per cent of the total, except in the transitional regions.
Room temperature X-ray powder photographs were taken in a Philips diffractometer with Cu K~I radiation, and Si as internal calibration substance, a(293 K) = 543.1065 pm. (~3) Low-and high-tempet;ature X-ray photographs were obtained at temperatures between 90 K and 750 K in an EnraLNonius (FR 553) Guinier-Simon camera described earlier3 ~4) Unit-cell dimensions were derived by applying the program CELLKANT. ~15)
Results and discussion

STRUCTURAL PROPERTIES
The unit-cell dimensions at room temperature, a = (688. 8 In figure 1 , the unit-cell dimensions of the basic NiAs-type cell are given as a function of temperature. These values are based on the main reflections only. The superstructure reflections are very weak and could not be used for evaluation of the variation in the superstructure cell dimension with temperature. At higher temperatures the NiAs-type structure prevails. These observations are in good agreement with those by Nakazawa and Morimoto32) The mean thermal expansivity for Fe9Slo is 4.5" 10 -s K 1 over the temperature range 300 K to 700 K, in reasonable agreement with earlier results for Feo.893S. (19) Corresponding values for FeS and for FeTS 8 are 8.7.10 5 K-1 (294 < T < 393 K) t2°) and 4.5-10 5 K-1 (298 < T < 414 K), t2~) and 1.9.10 -5 K -1 (80 < T < 300 K), (22) respectively.
HEAT CAPACITY
The experimental heat capacities for (1/10)Fe9Sao from both low-and hightemperature ranges, are listed in chronological order for the mean temperatures in table 1 and presented graphically in figure 2. The approximate temperature increments used in the determinations can usually be inferred from the adjacent mean temperatures in table 1.
Twice the standard deviation in the measured low-temperature heat "Capacity is about 1 per cent from 8 K to 10 K, 0.3 per cent from 10 K to 30 K and 0.1 per cent from 30 K to 350 K. In the higher-temperature range it is about 0.3 per cent.
TRANSITIONS
Fe9S~o takes a randomized NiAs-like structure at high temperatures. Below a certain temperature the T" AS increment due to randomized vacancies is smaller than the for 4C-type pyrrhotite, see Bertaut. {2s) According to Nakazawa and Morimoto, t e value of N decreases continuously with increasing temperature to T = 491 K, where a sluggish transition to the NA-type takes place. The long time needed to obtain equilibrium • • __(7) magnetlzatton indicates a mass-transport limited process, i.e. vacancy rearrangement. The heat-capacity peak due to this transition at 494.6 K is rather narrow and the transitional entropy relatively small compared with the two highertemperature transitions peaking at 534 K and 591 K, see figure 2 and tables 1 and 2. These two peaks reflect randomization of the vacancies and magnetic moments, respectively, giving rise to the high-temperature paramagnetic NiAs-type phase. The two lower-temperature structural transitions are also magnetic order-order transitions. At 494.6 K the antiferromagnetic phase changes to a ferrimagnetic one on heating, which again transforms back to the antiferromagnetic one around 534 K. Thus, a physically correct description of the energetics related to the disordering process implies a complex configurational model. If one assumes a ~ pure orderdisorder type transition, the maximum configurational entropy involves randomization of 1 vacancy on 10 iron positions, giving AtrsSm(structural ) = 0.33. R for (1/10)FegSlo. This structural entropy increment represents disordering of a completely ordered structure, and is, hence, a maximum value. The magnetic entropy increment related to total randomization of the magnetic moments on the iron atoms is similarly AtrsSm(magn. ) = (9/10). R" ln(2S + 1) = 1.46-R, in the spin-only approximation of Fe z+ with S = 2. A resolution of the excess heat capacity into contributions from the different structural and magnetic transitions is rather complicated. First of all, no method exists for accurate calculation of the bacl~ground heat capacity. Using the thermodynamic quantities in table 4, a constant-volume heat capacity can be calculated, and from dilation and electrical conductivity additional heat-capacity contributions can be evaluated. The sum of these three contributions is, however, larger than the observed heat capacity at 740 K. Hence, the non-transitional contribution must be adjusted in order that the experimental heat capacity is equal to or larger than the reference heat capacity at 740 K. Since the constant-volume and the dilational heat capacities are derived from experiments (assuming isothermal compressibility of Fe9Slo as equal to that of FeS), the electronic heat capacity is clearly over-estimated in the free electron gas model. A linear temperature dependence of Ce~ is to be expected only for temperatures which are low with respect to the degeneracy temperature Ef/k of the electron gas. Assuming the density of states proportional to E 1/2, i.e. a parabolic band, the electronic heat capacity can be expressed as
Ce] = 7(T/K)-y'(T/K) 3, see Stoner. (19)
Choosing 7 so that the experimental and the non-transitional heat capacities are equal at 740 K means 7' = 7.10 lo. R. The thus obtained non-transitional heat capacity is indicated by the solid lines in figures 2 and 3.
Furthermore, a "magnetic" reference heat capacity for deconvolution of the two higher-temperature transitions can be obtained using FeS as a reference. For this compound the high-temperature transition should be a purely magnetic transition from an antiferromagnetic to a paramagnetic state, without interference of any structural change. In this estimation scheme, the heat capacity of (1/2)FeS has to be figure 3 (see also figure 2 for the reference non-transitional heat capacity). The heat-capacity increment of the lower-temperature transition is presumably superimposed on the increments from the two more gradual transitions. The derived entropy increments for transitions I (5C-to NA-type, antiferromagnetic to ferrimagnetic), II (NA-to NiAs-type, ferrimagnetic to antiferromagnetic), and IlI (antiferromagnetic to paramagnetic) for (1/10)Fe9Slo are 0.0290.R, 0.134.R, and 1.41 .R, respectively. The entropy increments for transition I for three different determinations are given in table 2. If we assume that the two magnetic order-order transitions result from vacancy rearrangements only, the total structural disordering entropy is 0.163.R, whereas the corresponding magnetic entropy is 1.41. R. Hence, the total disordering entropies are in reasonable agreement with those calculated above, using crude estimation schemes. The evaluated magnetic disordering entropy agrees very well, whereas the structural configurational entropy is only half of that expected from disordering of 1 vacancy on 10 iron positions. The deconvolution of the three transitions is, however, questionable and a slightly lower background heat capacity will give a considerably larger structural disordering entropy. It should also be noted that Keller-Besrest and Collin (21) report a gradual weakening of the superstructure reflections of the low-temperature structure of FeS with origin in a gradual disordering of vacancies even far below the transition temperature for the more cooperative disordering transformation.
THERMODYNAMIC PROPERTIES
The experimental heat capacities for the low-and high-temperature series were fitted to polynomials in temperature by the method of least squares. The fitting and especially the joins between the fitted segments were checked by inspection of plots a Values predicted on the assumption that the transition is isothermal.
The standard molar entropy of (1/19)Fe9Slo at 298.15 K, 3.999.R, is larger than those of (1/2)FeS and (1/15)Fe7S8, 3.627. R and 3.895. R, respectively, t31) The reason for this anomalous behaviour can possibly be understood when the observed entropy is resolved into contributions from the different physical properties of the materials. The result of an attempt to deconvolute the total entropy is given in table 4. Here, only the constant-volume and the conduction-electronic entropy contributions are listed, the dilational and the magnetic contributions being difficult to estimate. The dilational contribution can be calculated from experimental thermal expansivities and isothermal compressibilities. The reported expansivity values are not consistent and no determinations at low temperatures have been made. The dilational contribution, which necessarily approaches zero as the temperature is lowered is, however, most probably not very different for the different compounds as the observed expansivities and compressibilities are of similar magnitude. The explicit obtainment of magnetic entropy values is also difficult. The magnetic heat capacity is proportional to T 3/2 for ferrimagnetic substances, and to T 3 for antiferromagnetic ones. t3°) Thus, contribution from ferrimagnetism in FevS 8 is not easily separated from the electronic contribution, which is proportional to T. In addition, a transition The constant-volume and the conduction-electronic contributions to the entropy at 298.15 K are calculated using the scheme for resolution of the heat capacity discussed above. It should be noted that the conduction-electronic entropy at 298.15 K, calculated assuming a parabolic band, is only 2 per cent smaller than that calculated using the free-electron model.
Although the constant-volume molar entropy for (1/15)FeTS 8 is slightly larger than those for (1/2)FeS and (1/19)Fe9Slo, the sum of the electronic and the constantvolume is much larger for the metallic conductor Fe9Slo. The importance of the electronic contribution is thus substantiated. The residual entropies, i.e. Sobs-Sel-S v, are, however, quite large. This is due to the neglect of any dilational and magnetic contributions (except what is incorporated in the lattice and conduction-electronic terms). In addition, the inadequacy of the Debye model may also cause systematic errors. The discrepancy is largest for Fe7S 8. Here, an abrupt drop in the heat capacity at 8 K may indicate a metal-to-non-metal transition, see figure 4 . A substantial conduction-electronic heat capacity can thus exist, even if it is impossible to resolve this contribution from the total observed heat capacity. An additional heat-capacity effect observed around 30 K, (31) which is due to a magnetic transition similar to the Verwey-transition, (32) further complicates the picture.
